bs_bs_banner

Addiction Biology

INVITED REVIEW

doi:10.1111/adb.12204

Common single nucleotide variants underlying drug
addiction: more than a decade of research
Kora-Mareen Bühler1, Elena Giné2, Victor Echeverry-Alzate1, Javier Calleja-Conde1,
Fernando Rodriguez de Fonseca3 & Jose Antonio López-Moreno1
Department of Psychobiology, School of Psychology1 and Department of Cellular Biology, School of Medicine,2 Complutense University of Madrid, Fundación
IMABIS,3 Laboratorio de medicina Regenerativa, Hospital Regional Universitario Carlos Haya, Málaga, Spain

ABSTRACT
Drug-related phenotypes are common complex and highly heritable traits. In the last few years, candidate gene (CGAS)
and genome-wide association studies (GWAS) have identified a huge number of single nucleotide polymorphisms
(SNPs) associated with drug use, abuse or dependence, mainly related to alcohol or nicotine. Nevertheless, few of these
associations have been replicated in independent studies. The aim of this study was to provide a review of the SNPs that
have been most significantly associated with alcohol-, nicotine-, cannabis- and cocaine-related phenotypes in humans
between the years of 2000 and 2012. To this end, we selected CGAS, GWAS, family-based association and case-only
studies published in peer-reviewed international scientific journals (using the PubMed/MEDLINE and Addiction GWAS
Resource databases) in which a significant association was reported. A total of 371 studies fit the search criteria. We
then filtered SNPs with at least one replication study and performed meta-analysis of the significance of the associations. SNPs in the alcohol metabolizing genes, in the cholinergic gene cluster CHRNA5-CHRNA3-CHRNB4, and in the
DRD2 and ANNK1 genes, are, to date, the most replicated and significant gene variants associated with alcohol- and
nicotine-related phenotypes. In the case of cannabis and cocaine, a far fewer number of studies and replications have
been reported, indicating either a need for further investigation or that the genetics of cannabis/cocaine addiction are
more elusive. This review brings a global state-of-the-art vision of the behavioral genetics of addiction and collaborates
on formulation of new hypothesis to guide future work.
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INTRODUCTION
Like most psychiatric disorders, drug addiction is a
common complex disease determined by multiple factors,
including genetics. Family, adoption and twin studies
have estimated that genetic vulnerability (i.e. the susceptibility to develop a disease because of inherited-genetic
components) to drug addiction may be as high as 50
percent (Duaux et al. 2000; Ball 2008). Nevertheless, few
addiction-risk or protective genes have been validated,
and the genetic architecture of drug addiction remains
elusive.
Inheritance of a common complex disease is not
attributable to a mutation in one single gene (as in a
classical Mendelian disorder) but to a combination of
effects of several different gene variants (Lander & Schork
1994). A major part of these gene variants are common,
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with each having only a small individual effect on disease
risk. These common low-effect variants are also called
polymorphisms. Polymorphisms are defined as DNA
sequence variations that produce more than one alternate form of a particular gene (i.e. alleles) within the
population, with the least common allele having a frequency (minor allele frequency—MAF) of a minimum of
1 percent in the population (Twyman & Primrose 2003).
The most frequent types of polymorphism are single
nucleotide polymorphisms (SNPs), i.e. variants of DNA
sequences that differ in one single nucleotide base.
Human SNPs are nearly always bi-allelic (although, in
principle, an SNP could also be tri- or tetra-allelic), with
one allele possessing the ancestral or more common
nucleotide, and a second allele in which this ancestral
nucleotide is substituted by another. The consequences of
such a nucleotide substitution on a gene depend on its
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location in the DNA sequence (i.e. within or outside a
protein coding region) and if the substitution affects or
not the encoded amino acid. Therefore, SNPs within a
coding region may be divided into two main categories:
synonymous or silent SNPs, in which the variant allele
encodes for the same amino acid and does not affect the
protein configuration, and non-synonymous SNPs, in
which the variant allele encodes for a different amino acid
and affects the protein configuration. Some SNPs affect
gene regulation, gene expression or messenger RNA
(mRNA) product and occasionally protein function. In
these cases, SNPs are referred to as ‘functional SNPs’
(Mottagui-Tabar et al. 2005; Albert 2011). Nevertheless,
most SNPs are neutral and have no effect on phenotype
(Ramensky, Bork & Sunyaev 2002; Johnson 2009). SNPs
are highly abundant in the human genome with over 15
million having been identified (Altshuler et al. 2010).
Many of them, mainly the non-synonymous SNPs, are
believed to constitute the genetic background of phenotypic variation among individuals (Ramensky et al.
2002), including vulnerability to diseases such as drug
addiction.
An important property of SNPs is that they can also be
grouped by linkage disequilibrium (LD). LD refers to the
fact that SNPs that are physically close in the chromosome will be inherited together, and their occurrence will
be correlated with each other (Syvänen 2001; Frazer
et al. 2009). LD is especially useful because it allows for
the division of the genome into groups of correlated
SNPs. By genotyping just one SNP of each group (‘tag’SNP), information regarding over 80 percent of all SNPs
at a MAF of higher than 5 percent can be gained (Frazer
et al. 2009). As described below, genome-wide association studies (GWAS) rely on this linkage pattern between
SNPs.
The two main approaches in genetic association
studies used to identify disease-risk gene variants are candidate gene association studies (CGAS) and GWAS. CGAS
focus on the selection of genes that were previously linked
to the disease and are therefore ‘candidate-genes’ for participating in the biological mechanism underlying the
disease. SNPs with a functional consequence on the gene,
for instance, affecting its regulation or protein product,
are selected and assessed for association with the disease.
Frequently, this process follows a case–control design,
although family-based designs may also be used
(Hirschhorn et al. 2002; Patnala, Clements & Batra
2013). On the contrary, GWAS directly assesses hundreds
of thousands of tag-SNPs throughout the genome to
detect differences in SNP allele frequencies between a
series of disease-affected cases and unaffected controls. In
comparison to CGAS, GWAS are hypothesis-free,
meaning that no specific candidate gene is being tested.
As a result, most genes identified through GWAS have not
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been previously related to the disease under investigation
(Frazer et al. 2009).
Addiction genetics research has extensively used
CGAS and GWAS approaches to identify and test potential
risk or protective gene variants. A large number of CGAS
and several GWAS studies, mostly covering alcohol and
nicotine addiction, have been published in recent years,
and first GWAS of cannabis and cocaine addiction are
now available (Agrawal et al. 2011; Gelernter et al.
2014a; for reviews on association studies on substance
dependence, see Li & Burmeister 2009 and Treutlein &
Rietschel 2011). These studies have provided many SNPaddiction phenotype associations, although with an
important lack of validation or replication (the issue of
replication failure will be addressed further in the Discussion section).
The purpose of the present paper is to provide a
broad meta-analysis and review of the SNPs most significantly associated with alcohol-, nicotine-, cannabisand cocaine-related phenotypes, in family-based,
case-only or case–control candidates from CGAS and
GWAS published between the years of 2000 and 2012.
We first filtered and described the SNPs associated with
each drug, performed meta-analysis on replicated SNPs,
selected the most significant SNPs and finally performed
a literature review of the biological implication of these
SNPs. This paper aims to synthesize the results of the
whole typology of association studies regarding drug
dependencies to provide a comprehensive overview of
the implication of SNPs in alcohol, nicotine, cannabis
and cocaine dependence.
MATERIALS AND METHODS
Literature search and inclusion criteria
To identify significant published associations between
alcohol-, nicotine-, cannabis- and cocaine-related phenotypes and SNPs, we performed a review of the literature from 2000 through 2012 using the PubMed/
MEDLINE database (National Center for Biotechnology
Information, NCBI) and the Addiction GWAS Resource
(AGR, http://addictiongwas.com). For the PubMed/
MEDLINE search strategy, keywords were set as follows:
alcoholAND(‘dependence’OR‘addiction’)AND(‘polymorphism’OR‘snp’);
alcoholismAND(‘polymorphism’OR
‘snp’);
nicotineAND(‘dependence’OR‘addiction’)AND
(‘polymorphism’OR‘snp’);
cannabisAND(‘dependence
’OR‘addiction’)AND(‘polymorphism’OR‘snp’); cocaine
AND(‘dependence’OR‘addiction’)AND(‘polymorphism
’OR‘snp’); publications were limited to the human species
and data range was set from January 1, 2000 to December 31, 2012.
Studies were considered eligible if they met the following criteria: (1) the study was an original research article
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published in a peer-reviewed English language international scientific journal; (2) the study was a family-based,
case-only or case–control CGAS or GWAS; (3) the study
revealed an association between an SNP and an alcohol-,
nicotine-, cannabis- or cocaine-related phenotype (see
Table 1 for description of the specific phenotypes); (4)
the SNP was statistically significantly associated with the
phenotype (nominal P-value was < 0.05); and (5) the
study participants had no other co-morbid disease and
were not polydrug abuser (except for alcohol and nicotine
co-abuse), or this condition was at least controlled in the
association analysis.

Table 1 Addiction phenotypes included in this review.
Addiction phenotypes
Alcohol

Nicotine

Cannabis

Cocaine

Alcohol addiction and/or dependence and abuse
(as well as related measures), alcohol
withdrawal symptoms and craving, age of onset
of alcohol dependence, heavy alcohol
consumption, alcohol consumption and use
Nicotine addiction and/or dependence and abuse
(as well as related measures), nicotine
withdrawal symptoms and craving, age of onset
of regular smoking, smoking behavior, cigarette
consumption and use
Cannabis addiction and/or dependence and abuse
(as well as related measures), cannabis
withdrawal symptoms and craving, age of onset,
cannabis consumption and use
Cocaine addiction and/or dependence and abuse
(as well as related measures), cocaine
withdrawal symptoms and craving, age of onset,
cocaine consumption and use

3

Data extraction and study selection
The following data were extracted from each eligible
study: (1) gene; (2) SNP rs number or nucleotide variation; (3) authors; (4) year of publication; (5) type of
study; (6) sample size; (7) study population ethnicity or
nationality; (8) explored phenotype and diagnostic or
assessment tool; (9) main finding; and (10) P-value and
effect size (if available) of the association.

Study identification and selection
The flow of study identification and selection is shown in
Fig. 1. The PubMed Database and AGR search strategy
retrieved 2102 potentially relevant studies. After title and
abstract revision, 1690 papers were excluded because
they did not meet one or more of the inclusion criteria,
leaving 411 papers for full-text article assessment. Of
these 411 papers, 17 were excluded because the full texts
were not accessible and abstracts did not provide enough
information to extract the required data (for reference,
see Supporting Information Table S1). Furthermore, 15
articles were excluded because a significant association
was only found between an SNP haplotype and a
phenotype without an SNP association (for reference,
see Supporting Information Table S1). The study of
Rommelspacher et al. (2001) on alcohol dependence
as well as the study of Luo et al. (2003) on cocaine
dependence were excluded because a full-text review
of these articles showed that association with the
phenotype of interest only trended toward significance
(Rommelspacher et al. 2001), or the association was only
significant with a combination of other abused drugs
(alcohol and opioids; Luo et al. 2003). Four other articles

Figure 1 Flowchart of the selection of
alcohol-, nicotine-, cocaine- and cannabisrelated studies. AGS = Addiction GWAS
Resource; ALC = alcohol papers; CAN = cannabis papers; COC = cocaine papers;
NIC = nicotine papers; Nt = total number of
research papers
© 2015 Society for the Study of Addiction
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were excluded from the review because the polymorphism explored in these studies were not defined as an
SNP (Loh et al. 2000; Montano Loza et al. 2006) or no rs
number from dbSNP or nucleotide variation was provided
(Park et al. 2006; Wei et al. 2012). The paper of Reimers
et al. (2012) was excluded because they studied the
association between alcohol dependence and complete
gene sets, as opposed to single gene or SNP associations.
The paper of Edenberg et al. (2004) was excluded because
it did not provide the specific sample size of the study
population.
As a result, 371 studies were included for metaanalysis and review: 210 for alcohol-related phenotypes,
123 for nicotine-related phenotypes, 15 for cannabisrelated phenotypes and 23 for cocaine-related phenotypes. Data extracted from these studies are presented in
Supporting Information Table S2 for alcohol, Supporting
Information Table S3 for nicotine, Supporting Information Table S4 for cannabis and Supporting Information
Table S5 for cocaine.
Despite the efforts made to be complete, we are aware
of the possibility that some association studies might not
have been included in our review. However, we believe
that this review is a suitable accurate representation of
the published studies investigating the association
between SNP and alcohol, nicotine, cannabis and cocaine
phenotypes.
Combination of P-values of replicated studies and
SNP selection
If an association between an SNP and an alcohol-,
nicotine-, cocaine- and cannabis-related phenotype has
been replicated once or more in the included studies, Fisher’s method for combining P-values was performed
(Fisher, Immer & Tedin 1932) to carry out a joint analysis
of the significance of the association. SNPs were than
sorted according to their combined P-values, and the
most significant SNPs related to each drug were selected
for literature review.
Linkage disequilibrium analysis
Finally, we performed pairwise LD of the selected SNPs
using the web-based tool SNP Annotation and Proxy
Search (SNAP) from the Broad Institute (Johnson et al.
2008). Please note that because this study aims to give an
overview of the most significant, and also most replicated, associated SNPs, we described every SNPs independently, despite the fact that some were in high LD
(because different studies treated different SNPs).
RESULTS
In the following sections, we will focus on the SNPs
in our meta-analysis most significantly associated with
© 2015 Society for the Study of Addiction

alcohol-, nicotine-, cocaine- and cannabis-related phenotypes, examining their characteristics, functional consequences in the protein (if any) and their relation to drug
addiction.
SNP and ALCOHOL-related phenotypes
From the 210 studies on alcohol-related phenotypes, we
retrieved significant associations from 772 SNPs tagging
301 different genes, in addition to 138 SNPs located in
non-genic regions. Table 2 shows the 20 most significant
SNPs associated with alcohol-related phenotypes. Of
these SNPs, the most replicated belong to alcoholmetabolizing enzymes and components of different neurotransmitter systems. In this section, these SNPs will be
examined in detail.
Variants in genes encoding for alcohol-metabolizing enzymes
The two most significant SNPs, which are also the
subject of the most replication studies, belong to the
genes encoding alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) enzymes. These enzymes
compose the main pathway of alcohol metabolism, converting alcohol into acetaldehyde and acetaldehyde into
acetate.
Seven genes encode the different ADH enzymes, and
three genes encode the ALDH enzymes. The seven ADH
genes are localized on chromosome 4 in a segment of
approximately 370 kb (Han et al. 2007). While the class
1 ADH enzymes (ADH1A, ADH1B and ADH1C) play a
major role in oxidative alcohol metabolism in the liver,
ADH4 is predominantly expressed in the epithelial tissues
of the upper digestive tract (esophagus, gingival and
tongue), stomach and liver (Yin et al. 2003; Wei et al.
2012) and contributes to the presence of higher levels of
alcohol consumption. ADH7 has been implicated in
alcohol metabolism at the level of gastroesophageal
tissue before ingested alcohol reaches the liver (Hurley &
Edenberg 2012). The roles of ADH5 and ADH6 are less
known (for reviews of the ADH enzyme family and its
involvement in alcohol metabolism, see Hurley &
Edenberg 2012; Edenberg 2007).
The ADH1B gene (located at chromosome 4q21–q23)
contains the functional-SNP rs1229984 at exon 3. This
SNP encodes two different alleles at this gene: allele
ADH1B*1, the ancestral or reference allele, which possesses the nucleotide guanine (G), and allele ADH1B*2,
which contains the nucleotide adenine (A). In East
Asians, the ADH1B*2 allele is relatively common and up
to 70–90 percent of the population carries this allele.
This sentences now should read: In this context, the presence of a single ADH1B*2 allele significantly reduces the
risk for alcohol dependence in comparison to the presence of the ADH1B*1 allele in homozygosis Goedde et al.
Addiction Biology
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ALDH2
ADH1B
ANKK1/DRD2d
PKNOX2
NPY
PKNOX2
PKNOX2
GABRA2
ADH1C
ADH1C
OPRM1
ADH4
ADH4
GAD1
ADH4
COMT
IL1B
HTR1B
CHRNA5
ADH4

rs671
rs1229984
rs1800497
rs750338
rs16139
rs10893366
rs10893365
rs279858
rs1693482
rs698
rs1799971
rs1800759
rs3762894
rs701492
rs1042364
rs4680
rs16944
rs130058
rs615470
rs7694646

18
27
12
3
2
2
2
7
4
7
8
5
4
2
4
4
2
2
2
3

No. of
studiesa
SNP function
Non-syn, Exon 12
Non-syn, Exon 3
Non-syn, Exon 8
Intron
Non-syn, Exon 2
Intron
Intron
Synon, Exon 5
Non-syn, Exon 6
Non-syn, Exon 8
Non-syn, Exon 1
Near Gene-5
Near Gene-5
Intron
Non-syn, Exon 9
Non-syn, Exon 4
near Gene-5
near Gene-5
Intron
Intron

Combined
P-value
1.13 × 10−75
7.05 × 10−60
3.20 × 10−12
1.82 × 10−12
1.45 × 10−10
7.20 × 10−11
2.94 × 10−09
2.88 × 10−08
5.93 × 10−08
2.78 × 10−07
5.87 × 10−07
9.38 × 10−07
1.94 × 10−06
1.76 × 10−05
6.31 × 10−05
0.000156
0.000170
0.000236
0.000236
0.000265
G to A
G to A
C to T
C to T
A to G
C to T
C to T
A to G
C to T
A to G
A to G
A to C
C to T
C to T
A to G
G to A
A to G
A to T
C to T
A to T

Allele
change
A
G
T
C
G
T
C
G
T
A
G
A
C/Te
T
A
A
A
T
T
A

Minor
allele
1606
227
2231
NA
108
NA
NA
1069
1185
1133
252
NA
NA
NA
1238
452/696f
NA
NA
NA
NA

mRNA
position
Glu to Lys
Arg to His
Glu to Lys
NA
Leu to Pro
NA
NA
Lys to Lys
Arg to Gln
Ile to Val
Asn to Asp
NA
NA
NA
Gly to Arg
Val to Met
NA
NA
NA
NA

AA change
504
48
713
NA
7
NA
NA
132
272
350
40
NA
NA
NA
388
108/158f
NA
NA
NA
NA

Protein
position
12
4
11
11
7
11
11
4
4
4
6
4
4
2
4
22
2
6
15
4

Chr.
Enzyme
Enzyme
Enzyme/Receptor
Transcription factor
Neuropeptide
Transcription factor
Transcription factor
Receptor
Enzyme
Enzyme
Receptor
Enzyme
Enzyme
Enzyme
Enzyme
Enzyme
Cytokine
Enzyme
Receptor
Enzyme

Protein function

Protective
Protective
Risk
Risk
Risk/Protective
Risk
Risk
Risk
Protective
Protective
Risk
Protective
Protective
NA
Protective
Risk/Protective
Risk
Risk
Protective
NA

Effectb

2, 3

2, 3

2
1, 5

1

3, 4
4

5

1

LD binc

a
For references, see the Supporting Information. bEffect that has the minor allele on the vulnerability to alcohol-related phenotypes. SNPs labeled with Protective/Risk have shown contrary results in different studies regarding their
effect. cLinkage disequilibrium (LD) bin: 1: rs689-rs1229984-rs3762894; 2: rs1042364-rs1800759-rs7694646; 3: rs1042364-rs10893366-rs7694646; 4: rs1083366-rs10893365; 5: rs750338-rs3762894. drs1800497 is
considered a marker of both, ANKK1 and DRD2. eC is the minor allele in Caucasians, whereas T is the minor allele in Asians. fIn soluble form (S-COMT) or in membrane-bound form (MB-COMT) of the enzyme. A = adenine;
AA = amino acid; Arg = arginine; Asn = asparagine; Asp = aspartic acid; C = cytosine; Chr. = chromosome; G = guanine; Gln = glutamine; Glu = glutamic acid; Gly = glycine; His = histidine; Ile = isoleucine; Leu = leucine;
Lys = lysine; Met = metionine; mRNA = messenger ribonucleic acid; NA = not applicable; Pro = proline; SNP = single nucleotide polymorphism; T = thymine; Val = valine.

Gene

SNP

Table 2 Most significantly associated SNPs with alcohol-related phenotypes.
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1992; Quertemont 2004; Edenberg 2007; Kimura et al.
2011). In Europeans and Africans, the frequency of the
ADH1B*2 allele is very low (approximately 5–10 percent)
but its protective effect remains. As shown in a recent
study by Bierut et al. (2012), the ADH1B*2 allele is
strongly associated with reduced risk for alcohol dependence in European American adolescents and young
adults. The protective effect of the ADH1B*2 allele on the
risk for alcoholism relates to induced changes in the
encoded amino acid chain. The presence of the A
nucleotide in ADH1B*2 allele carrier changes the amino
acid residue 48 from arginine (Arg) to histidine (His).
This amino acid substitution affects the enzyme binding
site for the co-enzyme nicotinamide adenine dinucleotide
(NAD+), which is required for alcohol catalysis (Peng &
Yin 2009). The result is that the ADH enzyme will release
the co-enzyme NAD+ more rapidly at the end of the reaction, increasing up to 80-fold the alcohol oxidization rate
in comparison to the presence of the ADH1B*1 allele
(Edenberg 2007). This higher alcohol metabolism rate
leads to an increase in acetaldehyde levels in the body,
causing several aversive symptoms that would deter individuals from drinking alcohol. Although this hypothesis
was successfully proven in animal studies (Rivera-Meza
et al. 2010), humans with the ADH1B*2 allele do not
show accumulation of acetaldehyde after alcohol consumption, despite faster alcohol elimination (Mizoi et al.
1994; Neumark et al. 2004; Peng & Yin 2009), leading
some authors to suggest that the increased generation of
aldehyde can be effectively metabolized by hepatic and
extrahepatic ALDHs (Peng & Yin 2009). The exact
mechanism by which the ADH1B*2 allele affects alcohol
metabolism in humans is unknown, but the results of
several studies indicate that the ADH1B*2 allele significantly reduces the risk for alcoholism (Li, Zhao &
Gelernter 2011).
The most significant SNP associated with alcoholrelated phenotypes in this study was rs671, which
belongs to the ALDH2 gene. This gene encodes the
mitochondrial enzyme ALDH2, which is expressed
mainly in the liver and stomach, although it can also be
found in other tissues, such as the brain (Yoshida et al.
1998). The functional SNP rs671 produces two different
alleles of the gene: the allele ALDH2*1, which presents a
glutamic acid at position 504 in the protein amino acid
chain, and the allele ALDH2*2, in which the glutamic
acid is substituted by the amino acid lysine. This
second allele is much more frequent in the East Asian
population (up to 30 percent) and almost absent in
Caucasian or African population (Oota et al. 2004).
The major distinction between the alleles lies in the catalytic activity of the encoded enzymes. The enzyme
expressed by the ALDH2*2 allele nearly completely lacks
acetaldehyde metabolism activity, causing a prolonged
© 2015 Society for the Study of Addiction

and large accumulation of acetaldehyde in the blood after
alcohol consumption. As a consequence, even a small
amount of alcohol may produce high concentrations of
acetaldehyde and causes several aversive symptoms, such
as facial flushing, nausea, headache and tachycardia.
This prevents a carrier of the ALDH2*2 allele from excessive alcohol consumption and provides a significant
reduction in risk for alcoholism (Yoshida et al. 1998).
On the contrary, variants in the ADH1C and ADH4
genes have also been related to alcohol-dependence phenotypes. The most significantly associated ALH1C SNPs
were the proxies rs698 and rs169342. Whereas the wildtype ADH1C*1 includes the amino acids arginine at
protein position 272 and isoleucine at position 350; in
the more common ADH1C*2 allele (rs698), the amino
acid arginine changes to glycine; and in the rs169342,
the isoleucine has changed to valine (Osier et al. 2002).
As with ADH1B*2, the ADH1C*1 encoded enzyme is
highly active at oxidizing alcohol. In fact, in the presence
of the ADH1C*1 allele in homozygosis, the encoded
enzyme possesses a 70 percent higher turnover rate and a
2.5-fold higher maximal velocity than enzymes encoded
by the ADH1C*2 allele in homozygosis (Edenberg 2007;
Latella et al. 2012). That means that ADH1C*1 reduces
the predisposition to alcoholism in the same manner as
ADH1B*2.
Regarding ADH4, the SNP with the lowest P-value in
this study was rs1800759 (combined P = 9.38 × 10−7).
This SNP is a functional mutation at the promoter region
of ADH4, consisting of a nucleotide change from A to C,
with the A allele showing a twofold higher promoter
activity in transfected cells compared with the C allele
(Edenberg, Jerome & Li 1999). Later studies linked this
SNP to alcohol dependence in European- and AfricanAmerican (Luo et al. 2005, 2006), Caucasian
(Macgregor et al. 2009), European- and AfricanBrazilian (Guindalini et al. 2005), and German-Polish
populations (Preuss et al. 2011). The authors suggested
that higher expression of the enzyme in the presence of
the A allele may be protective against alcohol dependence, in the same way that higher activity variants of
ADH1B and ADH1C are the protective alleles for alcohol
addiction phenotypes (Guindalini et al. 2005; Edenberg
2012). Other SNPs in the ADH4 gene highly significantly
associated with alcohol-related phenotypes are
rs7694646, its proxies SNP rs104236 and rs3762894.
Rs104236 is a non-synonymous but apparently nonfunctional SNP at exon 9 of ADH4 whose major allele, G,
has repeatedly been shown to be significantly associated
with a risk of alcohol dependence (Luo et al. 2005;
Edenberg et al. 2006; Preuss et al. 2011; Turchi et al.
2012). However, to the best of our knowledge, no study
has been published regarding the biological explanation
for this association. The rs3762894 variant at the 5′ end
Addiction Biology
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of ADH4 presumably affects the kinetic property of
ADH4 so that the isoenzyme produced by the minor
allele is more active than that encoded by the major
allele. This may result in faster formation of acetaldehyde
and therefore a stronger physiological reaction to
alcohol, preventing C carriers of consuming elevated
quantities of alcohol (Thomasson, Beard & Li 1995; Gizer
et al. 2011).
The pairwise LD analysis has shown that rs3762894
is in high LD with the ADH1B*2 (rs1229984) and
ADH1C*1 (rs698) SNPs mentioned earlier (Fig. 2). These
SNPs form an LD group of protective SNPs against
alcohol addiction apparently by elevating levels of acetaldehyde in the body by increasing its formation or reducing its degradation. Nevertheless, as stated by some
authors, it is also possible that only ADH1B*2 has a true
impact on alcohol addiction and that the other SNPs
show only association with alcohol phenotypes because
of this high LD (Osier et al. 1999; Borràs et al. 2000; Choi
et al. 2005). However, and despite the controversial
nature of these results, a recent meta-analysis conducted
by Li et al. (2012) indicates that at least ADH1C*1 independently reduces the risk for alcoholism. Although the
frequency for the ADH1C*1 allele is higher in Asians than
in other populations, it is much more frequent in European populations than ADH1B*2 and can be present in
up to 50 percent of individuals (for a review, see Li et al.
2012).
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Variants in the ankyrin repeat and kinase domain containing
1 (ANKK1)-dopamine receptor 2 (DRD2) genes
Although ADH1B and ALDH2 genes harbor the most replicated SNPs associated with alcohol-related phenotypes,
the dopaminergic system is the most explored in relation
to substance dependence and addictive behaviors as well
as other various neuropsychiatric disorders, especially
those in association with the dopaminergic D2 receptor
(Noble 2003).
The rs1800497, commonly called Taq1A, was the
first SNP related to the DRD2 gene to be associated with
severe alcoholism (Blum et al. 1990). Since then, Taq1A
is the variant that has received the most attention in
molecular studies related to psychiatric disorders (Ponce
et al. 2009). Nevertheless, in 2004, Neville and colleagues showed that Taq1A does not belong to DRD2 but
to a nearby gene called repeat and kinase domaincontaining 1 (ANKK1), a member of a serine/threonine
kinase protein family involved in signal transduction
pathways (Neville, Johnstone & Walton 2004). More
recent studies discovered the cellular localization of the
ANKK1 gene, and evidence showed that this gene is
expressed exclusively in astrocytes in human, rat and
mouse (Hoenicka et al. 2010). Astrocytes are implicated
in learning processes of addictive behaviors and also
serve an important role in the rewarding effects of
drugs. This could justify a role for ANKK1 and Taq1A in

Figure 2 Pairwise linkage disequilibrium
(LD) plot of single nucleotide polymorphism
(SNP) significantly associated with alcoholrelated phenotypes. SNPs rs1800497
(DRD2/ANKK1), rs16139 (NYP), rs279858
(GABRA2), rs1799971 (OPRM1), rs701492
(GAD1), rs4680 (COMT), rs16944 (IL1B),
rs130058
(HTR1B)
and
rs615470
(CHRNA5) were excluded from this plot
because their retrieved r2 and D′ values of 0
with all other SNPs. Red squares: high LD (r2:
0.8–1; D′: 0.9–1). Green squares: medium LD
(r2: 0.6–0.79; D′: 0.8–0.9).Yellow squares: low
r2 values (< 0.6) but D′ = 1
© 2015 Society for the Study of Addiction
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drug-related phenotypes (Miguel-Hidalgo 2009). In this
study, we found that Taq1A is the third most significant
SNP associated with alcohol-related phenotypes, with a
combined P-value of 3.20 × 10−12, including 12 independent studies (Table 2).
Taq1A consists of a cytosine to thymine nucleotide
change in exon 8 of the ANKK1 gene. In the literature,
these two alleles are commonly referred to as A2 (C
nucleotide) and A1 (T nucleotide) and cause a glutamic
acid (A2 allele) to lysine (A1 allele) amino acid substitution at position 713 in the ANKK1 protein (Neville et al.
2004). The functional implication of this amino acid
alteration has not been completely determined, although
it has been associated with several phenotypes. In a
similar fashion, the presence of the A1 allele (A1/A1,
A1/A2 genotype) was related to lower relative glucose
rate in the brain; reduced amplitude and prolonged
latency of the event-related potential P300; lower grow
hormone release; and, in alcoholics, an elevated dopamine active transporter density compared with
homozygous carriers of the A2 allele (Blum & Noble
1994; Gabby et al. 1996; Ritchie & Noble 1996; Noble
et al. 1997; Hill et al. 1998; Eriksson et al. 2000; Laine
et al. 2001; Ratsma et al. 2001).
However, what may be the most important and controversial phenotypical association is the one linking the
A1 allele to a significant reduction in D2 receptor density
in the striatum by 30–40 percent in comparison to the
A2/A2 genotype (Noble et al. 1991; Thompson et al.
1997; Pohjalainen et al. 1998; Jönsson et al. 1999). In
addition, Laakso et al. (2005) found that the A1 allele is
associated with increased striatal activity of the aromatic
L-amino acid decarboxylase enzyme, the final enzyme in
the dopamine biosynthesis (Laakso et al. 2005). As suggested by the authors, the lower D2 receptor expression
induced by the presence of the A1 allele would cause
decreased autoreceptor functioning and, as a consequence, increased synthesis of dopamine. These findings
indicate a functional relationship between the DRD2 and
ANKK1 genes. This is plausible because both genes are
located in the same gene cluster, overlap and share
haplotypic blocks, and their promoters have identical cis
elements (i.e. regions of DNA that regulate gene expression) (Neville et al. 2004; Hill et al. 2008; Hoenicka et al.
2010). In addition, a recent in vitro study carried out by
Hoenicka et al. (2010) showed that Ankk1 expression in
mouse astrocytes increased in response to the dopamine
receptor agonist apomorphine. Therefore, Taq1A may
influence DRD2 expression and dopamine synthesis by
altering the normal functioning of ANKK1 (Laakso et al.
2005).
Taq1A is in high LD with different DRD2
polymorphisms and a number studies have suggested
that some phenotypes previously associated with Taq1A
© 2015 Society for the Study of Addiction

may actually be driven by this DRD2 polymorphism. This
is especially true with C957T (rs6277), a synonymous
SNP in exon 7 of the DRD2 gene that alters mRNA folding
and decreases DRD2 mRNA stability, receptor synthesis
and binding potential in vitro and in vivo (Duan et al.
2003; Hirvonen et al. 2004). Hirvonen et al. (2004) concluded that the former relationship found between Taq1A
and the reduction in striatal D2 receptor density was, in
fact, due to its high association with C957T. However, the
data from Laakso et al. (2005) clearly showed that the
increase of aromatic L-amino acid decarboxylase activity
during the dopamine biosynthesis was associated with
Taq1A and not C957T or other polymorphisms. In 2008,
Ponce and colleagues carried out an interaction study
between C957T and Taq1A in a group of Spanish
alcohol-dependent patients with psychopathic traits
(Ponce et al. 2008). The results showed that the risk genotypes for both SNPs, CC for C957T and A1 allele for
Taq1A, were significantly overrepresented in alcoholdependent patients with co-morbid dissocial personality
disorder, leading the authors to suggest an epistatic relationship between the Taq1A and C957T SNP and an
interaction between ANKK1 and DRD2 in neurotransmitter pathways, affecting the individual’s vulnerability
to drug addiction and psychopathic traits.
To date, more and more evidence have arisen, which
suggest that Taq1A is a marker of a genetic variant of
both ANKK1 and DRD2 genes. Similarly, it is also associated with other SNPs in the DRD2 gene aside from the
already mentioned relationship between the Taq1A
and C957T SNPs (i.e. the intronic SNPs rs2283265 and
rs1076560) that affect mRNA expression, splicing and
neuronal activity in working memory pathways (Zhang
et al. 2007).

Variants in the mu-Opioid receptor (OPRM1) gene
Several drugs of abuse, such as alcohol, nicotine, cannabis and cocaine, exert their rewarding effects by increasing dopamine activity in the cortico-mesolimbic system.
The endogenous opioid system is implicated in the modulation of these effects and suffers significant adaptive
changes in response to drug exposure. Therefore, the
endogenous opioid system plays an important role in the
development of drug addiction (for a review, see Trigo
et al. 2010). Particularly for alcohol addiction, evidence
implicating the mu-opioid receptor (MOR) are driven
from two main facts: first, that inactivation of MOR in the
ventral tegmental area (VTA) inhibits alcohol-induced
dopamine release and, second, the effectiveness of the
opioid antagonist naltrexone in the treatment of alcohol
dependence (Heilig et al. 2011; Hillemacher et al. 2011).
The A118G SNP (rs1799971) is one of the most
prevalent functional variants in the OPRM1 gene and has
Addiction Biology
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the highest overall frequency of any reported OPRM1
coding variant (Bond et al. 1998; Kroslak et al. 2007).
This SNP is a functional A to G nucleotide substitution at
position 118 of the gene that encodes an asparagine to
aspartate change at position 40 at exon 1 (Asn40Asp) in
the N-terminal region of the protein chain. This amino
acid change decreases the number of N-linked
glycosylation sites from five to four in the MOR (Shabalina
et al. 2009). This N-glycosylation has been reported to be
necessary for correct sorting of receptors to plasma membrane, ligand-binding affinity and signal transduction,
among other functional implications (Kroslak et al.
2007).
In one of the first in vitro studies on the functional
relevance of this SNP, Bond et al. (1998) reported that
the presence of the G allele increases the affinity of the
receptor for β-endorphin by threefold in addition to
increasing the power of beta-endorphin to activate G
protein-coupled potassium channels, resulting in alteration of the signal transduction pathways. Years later,
Zhang et al. (2005) reported that mRNA transcript
levels were reduced by twofold with the G allele in comparison to A allele in human post-mortem brains along
with 10-fold lower protein expression in stable
transfected cell lines. Also, lower surface receptor
expression with the G allele was observed by Kroslak
et al. (2007) as well as decreased AMP activation and
lower agonist-induced MOR activation. However, several
studies were not able to reproduce these findings, and
the molecular mechanism underlying functional
implications of the A118G polymorphisms remains
unclear (Oertel et al. 2009). Nevertheless, there is
important evidence concerning the effect of the A118G
variance on the clinical treatment of alcohol-dependent
patients with naltrexone. Several studies have shown
that G carriers had a significantly better clinical
outcome with the opioid antagonist than A carriers
(Oslin et al. 2003; Ray & Hutchison 2004, 2007),
making the A118G an important marker to take into
account in the pharmacological treatment of alcohol
dependence.

Variants in the catecol-O-metiltransferase (COMT) gene
As previously mentioned, the dopaminergic system has
been frequently associated with substance dependence
and psychiatric disease. The COMT protein is an
Mg2+-dependent enzyme responsible for degrading
catecholamine neurotransmitters such as dopamine,
adrenaline and noradrenaline. The implication of the
COMT enzyme in the metabolism of dopamine makes
the COMT a suitable candidate gene for the mechanism
of alcohol addiction (Voisey et al. 2011). The COMT
gene is located on chromosome 22q11 and encodes
© 2015 Society for the Study of Addiction

9

two different isoforms of the enzyme: one long
membrane-binding isoform (MB-COMT) and one short
soluble isoform (S-COMT) (Chen et al. 2004). In the
brain, the existing COMT enzymes are almost exclusively MB-COMT isoform, whereas the S-COMT is
predominantly expressed in tissues such as the liver,
blood and kidney (Tenhunen et al. 1993; Matsumoto
et al. 2003). The most frequently studied variant
within the COMT gene is a functional SNP located in
exon 4, which consists of a substitution of the amino
acid valine (Val) to methionine (Met). On the MB-COMT,
the substitution takes place at protein position 158,
whereas on the S-COMT, it is located at position 108
(Lachman et al. 1996). The Val158/108Met polymorphism has been shown to affect the thermostability of
the enzyme, leading to modification of its enzymatic
activity. The Val high-activity allele has a four times
greater catabolic rate than the lower active Met allele.
This higher degradation rate leads to a decrease of
dopamine levels, especially in the prefrontal cortex and
in the hippocampus (Chen et al. 2004; Honea et al.
2009; Dennis et al. 2010), which eventually may lead
to inefficient frontal lobe function, affecting cognitive
processes such as working memory and executive
functioning, among others (for a review, see Dickinson
& Elvevåg 2009). The less active Met allele, despite the
likely better frontal lobe function, has been linked to
negative emotional states such as increased anxiety
and decreased stress resilience (Ducci & Goldman 2008).
In this way, the Val158/108Met SNP has been associated with various affective and personality traits such as
impulsivity, extraversion, novelty seeking and reward
dependence/sensation seeking (Dickinson & Elvevåg
2009), all of which are, in turn, related to drug
addiction.
One of the first studies relating the Val158/108Met
polymorphism to alcohol dependence phenotypes was
conducted by Tiihonen et al. (1999), who associated the
low active Met allele with alcoholism, and followed with
studies that confirmed this association (i.e. Wang et al.
2001). The authors showed that the Met allele carrier
had lower dopamine inactivation and suggested that this
would explain the increased vulnerability to alcohol
addiction because alcohol-induced euphoria has been
frequently associated with rapid release of dopamine in
the limbic areas (Tiihonen et al. 1999; Morgan & Badawy
2001; Voisey et al. 2011). On the contrary, other studies
showed that the highly active Val allele was associated
with alcohol dependence (Enoch et al. 2006; Serý et al.
2006). The authors of the latter study stated that this
opposite finding might be explained by gender differences
in the sample, co-dependence with other drugs and the
influence of gene–environment interactions (Enoch et al.
2006).
Addiction Biology
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Variants in the gamma-aminobutyric acid A receptor α-2
(GABRA2) gene and the glutamate decarboxylase (GAD1)
gene of the GABAergic system
The GABAA receptor has been implicated in the pharmacological actions of alcohol, including tolerance, withdrawal, dependence, sedation and anxiolysis, as well as
cross-tolerance to other drugs such as benzodiazepines
and barbiturates (Ducci & Goldman 2008; Haughey et al.
2008a). Data indicate that alcohol modulates the GABA
receptor complex in an allosteric way, hyperpolarizing
cells by opening the chloride channel (Koob 2004).
One of the first association studies linking GABRA2 to
alcohol dependence was carried out by Edenberg et al.
(2004). After examining 69 SNPs in the GABAA receptor
subunits, they found a significant association between
more than 30 SNPs in the GABRA2 subunit and alcohol
dependence, including a 3-SNP haplotype (composed of
rs279871, rs279845 and rs279836) associated with the
phenotype at a P-value of 2 × 10−8. In the same year,
Covault et al. (2004) also found an association between
alcohol dependence and several GABRA2 SNPs localized
in the same gene region as the SNPs identified by
Edenberg et al. (2004) in a European-American population. Finally, Ittiwut et al. (2012) replicated the results of
Covault et al. (2004) in a population of AfricanAmericans by finding significant associations between a
3-SNP risk haplotype in GABRA2 (all included also in
Covault et al.’s study) and alcohol dependence. Nevertheless, the biological pathway by which this subunit interacts with alcohol remains unclear.
One SNP in this GABRA2 subunit, rs279858, was
highly significantly associated with alcohol-related phenotypes (combined P = 2.88 × 10−8). This SNP leads to a
synonymous A to G nucleotide substitution at position
132 in exon 5 of the gene and was also associated with
alcohol dependence by Edenberg et al. (2004) and
Covault et al. (2004). In the last few years, this SNP was
associated with alterations in the mRNA level of
GABRA2 in the prefrontal cortex (Haughey et al. 2008b),
meaning that in the AA genotype, the mRNA level was
twofold higher than the AG genotype. However, no differences in protein expression were found, and no difference
was observed between alcoholics and non-alcoholics. The
authors speculated that the relationship between
GABRA2 and alcohol dependence could be a result of
alterations in the receptor function caused by changes in
gene transcription and/or translation, although the small
sample size used in the study did not allow for confidently
demonstrating alteration in gene transcription.
In addition to the GABA receptor, GAD1, the enzyme
responsible for synthesizing and maintaining the basal
level of GABA in the brain, has been studied for its implication in alcohol dependence. Two independent studies
© 2015 Society for the Study of Addiction

showed a significant association between the intronic
SNP rs701492 of the GAD1 gene (combined P-value of
1.75 × 10−5) and alcohol consumption in Caucasians
and Han Chinese (Loh et al. 2006; Tabakoff et al. 2009,
respectively). It is known that individuals with deficient
GAD1 functioning are more likely to develop anxiety disorders and are therefore at higher risk for developing
alcohol dependence. Although the specific role of
rs701492 is not known, it is therefore possible that it may
affect GAD1 function and increase vulnerability to
alcohol consumption.
Variants in the serotonin receptor 1B (HTR1B) gene
The serotonergic system presents dense projections in
several brain circuits and areas highly implicated in
reward mechanisms. Many studies have associated serotonin (5-HT) receptors with alcoholism, namely the
5-HT1B receptor. This serotonin receptor subtype is
expressed in brain regions that modulate the rewarding
effects of alcohol (such as the ventral tegmental area and
nucleus accumbens) (Hu et al. 2010; Furay et al. 2011)
and evidence shows that 5-HT1B receptors increase
dopaminergic tone in the mesolimbic reward pathway
(Furay et al. 2011). Studies have shown that 5-HT1B
knockout mice exhibit greater aggression and impulsivity
behaviors as well as increased alcohol consumption
(Saudou et al. 1994; Crabbe et al. 1996; Bouwknecht
et al. 2001). Furthermore, pre-clinical pharmacological
studies have shown that 5-HT1B agonists reduce alcohol
drinking and alcohol-induced aggression and impulsiveness (Cao et al. 2011).
The SNP rs13008 (also called A-161T) lies in the 5′
regulatory region of the 5-HT1B gene and represents a
nucleotide change from A to T at position 161 (Sun et al.
2002; Lee et al. 2009; Cao et al. 2011). This variant has
been associated with alcohol dependence in Taiwanese
and Chinese Han population (Sun et al. 2002; Cao et al.
2011), but association results were negative in studies
using Caucasian, African and Hispanic-American populations (Cao et al. 2011). Although, to date, there has
been no direct biological evidence to explain the association between this gene variant and alcohol addiction phenotypes, the study conducted by Sun et al. (2002) showed
that the A-161T variants may affect 5-HT1B gene expression in a tissue-specific manner.
Other highly significant SNPs associated with
alcohol-related phenotypes
There are other SNPs that are highly significantly associated with alcohol-related phenotypes, but the results
have been replicated only once or twice. These SNPs represent therefore valuable candidate gene markers for
further addiction genetics research. This is the case for
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the GAD1 SNP rs701492 mentioned earlier, as well as for
the rs16139 in the Neuropeptide Y (NPY) gene. This SNP
is implicated in intracellular processing of the pre-protein
of NPY and release of the mature NPY. Heterozygous
carriers (Pro7/Leu7) have been shown to possess 47
percent more NPY plasma concentration than
homozygous Leu7 carriers (Lappalainen et al. 2002). In
the two studies included in this review, results regarding
the risk allele Pro7 were contrary, as it was identified as a
protective allele by Kovanen et al. (2010) and a risk allele
by Lappalainen et al. (2002).
Another promising candidate gene for addiction
genetics research is PKNOX2. Three SNPs in this gene
were in the top 20 list of most significant SNPs associated
with alcohol-related phenotypes. The protein encoded by
PKNOX2 is a nuclear transcription factor, which, in
initial pre-clinical studies with mice, was implicated in
alcohol addiction (Mulligan et al. 2006). A later study
with humans has associated eight SNPs in PKNOX2,
including the three SNPs included in this study, with substance abuse in European women, including lifetime
alcohol, nicotine, marijuana, cocaine and other drug
dependencies (Chen et al. 2011). This association
between PKNOX2 and alcohol dependence, especially
with the SNP rs750338, has been replicated by two other
studies (Bierut et al. 2010; Wang et al. 2011). Further
studies should confirm these associations and explore the
involvement of PKNOX2 in common pathways underlying addiction to different drugs of abuse. Similarly, an
SNP in CHRNA5, rs615470, has been associated with
alcohol-related phenotypes in two independent studies
(combined P-value = 0.00024). Because this gene is
highly implicated in nicotine addiction (see the section
Variants in nAChR genes), and nicotine and alcohol are
both frequently co-abused, it is plausible that this gene is
related to common biological pathways between both
types of addiction. The issue of common pathways
underlying different drug dependencies will be further
discussed in the section Common SNPs underlying drug
addiction: nicotinic receptors and the endocannabinoid
system.
Finally, a variation in the interleukin-1 beta (IL1β)
gene has been significantly associated with alcohol abuse.
IL1β is a cytokine protein that plays a crucial role in the
immune and inflammatory responses. Alcohol enhances
actions of the immune system by causing glial cells to
release cytokines (such as IL1β), and studies with rats
have shown that chronic ethanol intake leads to
increased IL1β levels in the cerebral cortex (Vallés et al.
2004). This release of IL1β can increase N-methyl-daspartate receptor activity and dopamine release in the
nucleus accumbens, increasing drug reward and dependence (Liu et al. 2009). The SNP rs16944 (also known as
IL1β-511) has been shown to affect IL1β expression (di
© 2015 Society for the Study of Addiction
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Giovine et al. 1992) and increase protein secretion in the
blood by two- to threefold (Hall et al. 2004). Nevertheless,
results on the functional aspect of this SNP require
further investigation.

SNP and NICOTINE-related phenotypes
As opposed to alcohol-related phenotypes, few candidate
gene and GWAS have been published on nicotine-related
phenotypes. One hundred twenty-three publications
regarding nicotine-related phenotypes have been
included in this study. Altogether, these publications
retrieved 435 SNPs tagging 124 different genes and 62
non-genic SNPs. Table 3 shows the 20 most significant
SNPs associated with nicotine-related phenotypes. The
vast majority of these SNPs belong to nicotinic acetylcholine receptor (nAChR) genes, mainly to the CHRNA5CHRNA3-CHRNB4 gene cluster and neighboring genes
such as the iron-responsive element binding protein
(IREB2).

Variants in nAChR genes
Nicotine exerts its physiological effects through binding
to nAChRs. This makes the AChR-encoding genes perfect
candidates for influencing smoking and nicotine dependence. There exist 16 different nicotinic receptor subunit
genes that encode a set of different nicotinic receptor
subunit proteins (for a detailed review on nAChRs, see
Dani & Bertrand 2007; Albuquerque et al. 2009). In the
last few years, most of the research on addiction genetics
has focused on genes encoding the α5, α3 and β4 units.
These genes, CHRNA5, CHRNA3 and CHRNB4, are
organized in a gene cluster on chromosome 15q24;
several gene variants in this locus have been associated
with smoking behavior and nicotine dependence, as well
as smoking-related diseases such as lung cancer and
chronic obstructive pulmonary disease (Bierut 2010;
Saccone et al. 2010; Wassenaar et al. 2011). As shown in
Table 3, only 6 SNPs of the top 20 most highly associated
with nicotine-related phenotypes do not belong directly
to the CHRN gene family, but 4 are located in the
neighboring genes. Performing pairwise LD analysis of
these genes retrieves strong LD patterns between nearly
all of these SNPs (Fig. 3a), especially a group of 14 SNPs
shown to be in extremely high LD with each other
(Fig. 3b). The minor alleles of most of these SNPs significantly increase risk for nicotine dependence and smoking
behavior phenotypes. This observation is in line with a
study where the authors explored the association
between several nicotine dependence phenotypes and
CHRN haplotypes, including rs16969968 and
rs1051730. Haplotypes where the minor alleles of these
SNPs were present were significantly associated with
Addiction Biology
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CHRNA3
CHRNA5
CHRNA5

LOC123688/HYKK
CHRNA5
CHRNB4
IREB2
CHRNA5
ANKK1/DRD2d
CHRNA3
CHRNA5
CHRNA5
IREB2
CHRNA3
CHRNA5
CHRNB3
CHRNB4
IREB2
CHRNB4
GABRA4

rs1051730
rs16969968
rs2036527

rs8034191
rs637137
rs17487223
rs17483548
rs951266
rs1800497
rs3743078
rs684513
rs569207
rs17484235
rs1317286
rs17486278
rs6474413
rs12440014
rs17483686
rs3813567
rs3762607

4
3
4
3
3
11
4
3
2
2
4
5
4
2
2
3
3

21
17
3

No. of
studiesa

2.52 × 10−12
3.43 × 10−12
5.28 × 10−12
1.58 × 10−11
1.22 × 10−10
1.41 × 10−10
1.12 × 10−09
1.26 × 10−09
1.44 × 10−09
3.13 × 10−09
6.18 × 10−09
1.06 × 10−08
2.39 × 10−08
2.95 × 10−08
3.61 × 10−08
3.75 × 10−08
1.29 × 10−07

5.29 × 10−47
1.16 × 10−31
4.47 × 10−16

Combined
P-value
Synon, Exon 5
Non-syn, Exon 6
Near gene initiation
sequence
Intron
Intron
Intron
Near Gene-5
Intron
Non-syn, Exon 8
Intron
Intron
Intron
Intron
Intron
Intron
Near Gene-5
Intron
Intron
Near Gene-5
Near Gene-5

SNP function

C to T
A to T
C to T
A to G
C to T
C to T
C to G
C to G
A to G
C to G
A to G
A to C
C to T
C to G
A to T
C to T
A to G

G to T
G to A
C to T

Allele
change

C
A
T
A
T
T
G
G
A
G
G
C
C
G
T
C
G

T
A
T

Minor
allele

NA
NA
NA
NA
NA
2231
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

1146
1392
NA

mRNA
position

NA
NA
NA
NA
NA
Glu to Lys
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Try to Try
Asp to Asn
NA

AA change

NA
NA
NA
NA
NA
713
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

215
398
NA

Protein
position

15
15
15
15
15
11
15
15
15
15
15
15
15
15
15
15
4

15
15
15

Chr.

Enzyme
Receptor
Receptor
Binding
Receptor
Enzyme/Receptor
Receptor
Receptor
Receptor
Binding
Receptor
Receptor
Receptor
Receptor
Binding
Receptor
Receptor

Receptor
Receptor
Receptor

Protein function

Risk
Protective
Risk
Risk
Risk
Risk
Protective
Protective
Protective
Risk
Risk
Risk
Protective/Risk
Protective/Risk
Risk
Protective
Protective

Risk
Risk
Risk

Effectb

1e
2
2
1
1
1
2
1
1
1e
2

1
2
1
1
1

1
1
1.2

LD binc

a
For references, see the Supporting Information. bEffect that has the minor allele on the vulnerability to nicotine-related phenotypes.SNPs labeled with Protective/Risk have shown contrary results in different studies regarding
their effect. cLinkage disequilibrium (LD) bin: 1: rs1051730-rs16969968-rs2036527-rs8034191-rs17487223-rs17483548-rs951266-rss3743078-rs17484235-rs1317286-rs17486278-rs12440014-rs17483686-3813567;
2: rs2036527-rs637137-rs684513-rs569207-rs6474413-rs3762607. drs1800497 is considered a marker of both, ANKK1 and DRD2. ers3743078 and rs3813567 are NOT in LD with each other. A = adenine; AA = amino acid;
Asn = asparagine; Asp = aspartic acid; C = cytosine; Chr. = chromosome; G = guanine; Glu = glutamic acid; Lys; lysine; mRNA = messenger ribonucleic acid; NA = not applicable; SNP = single nucleotide polymorphism; T = thymine;
Try = tryptophan.

Gene
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Figure 3 Pairwise linkage disequilibrium (LD) plot of the most significantly associated single nucleotide polymorphisms (SNPs) with nicotine-related phenotypes. (a) Pairwise LD values for all selected highly
significantly associated SNPs. SNPs rs1800497 (ANKK1/DRD2), rs6474413 (CHRNB3) and rs3762607 (GABRA4) were excluded from this plot because their retrieved r2 and D′ values of 0 with all other SNPs. (b)
Subgroup of 14 SNPs in high LD. Excluding three SNPs of plot (a), all SNPs are in medium to high LD with each other. Red squares: high LD (r2: 0.8–1; D′: 0.9–1). Green squares: medium LD (r2: 0.6–0.79; D′: 0.8–0.9).
Yellow squares: low r2 values (< 0.6) but D′ = 1
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increased risk for heavy, pervasive and automatic
smoking, as well as with less severe withdrawal syndromes (Baker et al. 2009).
The most interesting and popular of these 14 highly
significant ‘risk’ SNPs is the rs16969968 SNP in the
CHRNA5 gene because it is the only one with a nonsynonymous amino acid change in the protein. This
missense polymorphism changes the amino acid
aspartate (Asp) to asparagine (Asn) at position 398 in
the cytoplasmic loop between transmembrane domains.
The Asn allele is the risk allele. While carriers of one
copy of the Asn allele increased the risk of becoming
nicotine dependent by 1.3-fold, in homozygous carriers,
the risk increased up to twofold compared with the
homozygous Asp genotype carrier (Bierut 2010). The
frequency of the risk allele is very heterogeneous across
different populations, being relatively common in European and Middle Eastern people (37–43 percent) but
very rare or inexistent in Africans, East Asians and
Native Americans (Bierut et al. 2008). The underlying
biological functional implications of the rs16969968
polymorphism have been the focus of investigation since
its study began. The first in vitro studies showed that in
the presence of the Asn risk allele, the receptor response
to agonists (i.e. epibatidine) is significantly reduced (by
twofold) in comparison to the presence of the Asp allele
(Bierut et al. 2008). Because no differences in gene
expression have been found between the two alleles, the
variants might affect receptor functioning without
affecting receptor expression. Nevertheless, CHRNA5
mRNA levels are partially affected by different cis-acting
polymorphisms (Wang et al. 2009). One study analyzed
the presence of the rs16969968 variant on the background of this cis-polymorphism-induced CHRNA5
mRNA variation in the frontal cortex and found occurrence of the Asn allele more frequently in the presence of
low mRNA expression of CHRNA5 (Wang et al. 2009).
In addition, pre-clinical studies with α5 knockout mice,
which emulate inactivation of the receptor protein due
to the presence of the rs16969968 Asn allele, suggest
that loss of α5 functioning reduces sensitivity to adverse
effects of nicotine (Jackson et al. 2010). These results
were corroborated by Fowler et al. (2011) by showing
that the α5 knockout mice consumed a greater amount
of nicotine at increasing dosages and a greater motivation to seek and obtain nicotine at higher doses than
wild-type mice.
Rs16969968 shows perfect and complete LD with the
CHRNA3 SNPs rs1051730 and rs1317286. These three
SNPs are in complete and perfect LD (D′ = 1, r2 = 1). The
rs1051730 is a synonymous SNP at exon 5 of the
CHRNA3 gene and is the most significantly associated
SNP with nicotine phenotypes of all top 20 SNPs (combined P = 5.29 × 10−47). Nevertheless, it is commonly
© 2015 Society for the Study of Addiction

accepted that the biological significance of the association between this SNP and nicotine addiction and
smoking behavior is most likely attributable to
rs16969968.
Interestingly, aside from the 14 SNP LD group, the LD
analysis indicated a small second subgroup of SNPs in
high LD, including SNPs not belonging to the first group,
whose minor alleles have a protective effect on vulnerability to nicotine addiction and smoking behavior. This
group included the three CHRNA5 SNPs rs569207,
rs637137 and rs684513 and the CHRNA3 SNP
rs3743078, which was also present in the 14 SNP risk
group and was, in fact, one of the few SNPs showing a
protective effect. All of the ‘protective’ SNPs lie in the
intronic regions of CHRNA5 and CHRNA3, and to date, it
is not known how they may affect protein configuration
or functioning to influence nicotine dependence and
smoking.
Only one of the SNPs, belonging to the CHRN family
listed in Table 3, rs6474413, was not in LD with any of
the other CHRN SNPs or neighboring genes, being therefore independently associated with nicotine-related phenotypes. This independent association relies on its
independency with the CHRNA5-CHRNA3-CHRNAB4
gene cluster because the SNP is located in the CHRNB3
gene, which, together with CHRNA6, clusters in chromosome 8p11. The minor allele of this SNP has repetitively
demonstrated significant association with nicotine
dependence in different studies (Bierut et al. 2007;
Saccone et al. 2007, 2009a,b, 2010); but nevertheless,
as stated by the authors, this SNP is most likely significantly associated with other two SNPs in CHRNA3
because of its high LD, namely rs4953 and rs4952,
which are the only known coding SNPs in this gene
(Saccone et al. 2007).
Variants in ANKK1 and DRD2 genes
In addition to alcohol, Taq1A was positively associated
with nicotine dependence in many studies (11 in this
review). Nevertheless, the association with nicotine
dependence or smoking behavior is much more controversial and recent meta-analysis found none or only weak
associations (Munafò et al. 2004, 2009; Gorwood et al.
2012).
Other highly significant SNPs associated with
nicotine-related phenotypes
One SNP belonging to the GABRA4 subunit was present
in the top 20 most significantly associated SNPs with
nicotine-related phenotypes. The non-functional SNP
rs3762607 lies in the upstream promoter region of
GABRA4, consisting of an A to G nucleotide change. Its
association with nicotine dependence was first identified
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Table 4 Most significantly associated SNPs with cannabis-related phenotypes.

SNP

Gene

No. of
Combined
studiesa P-value

SNP
function

Allele Minor mRNA AA
change allele position change

2.78 × 10−03 Intron
A to G G
3.97 × 10−02 Non-syn, C to A A
Exon 3

rs806380 CNR1 2
rs324420 FAAH 3

NA
467

Protein
Protein
position Chr. function

NA
NA
Pro to Thr 129

6
1

Effectb

Receptor Protective
Enzyme Protective

a
For references, see the Supporting Information. bEffect that has the minor allele on the vulnerability to cocaine-related phenotypes. A = adenine;
AA = amino acid; C = cytosine; Chr = chromosome; G = guanine; mRNA = messenger ribonucleic acid; NA = not applicable; Pro = proline; SNP = single
nucleotide polymorphism; Thr = threonine.

Table 5 Most frequently associated SNPs with cocaine-related phenotypes.

SNP

Gene

No. of Combined
studiesa P-value

rs16969968 CHRNA5 3
rs806368

CNR1

2

SNP
function

Allele Minor mRNA AA
Protein
Protein
change allele position change position Chr. function

7.64 × 10−05 Non-syn, G to A A
Exon 6
T to C C
6.49 × 10−03 UTR-3,
Exon 4

1392
NA

Asp to 398
Asn
NA
NA

Effectb

15

Receptor Protective

6

Receptor Protective

a
For references, see the Supporting Information. bEffect that has the minor allele on the vulnerability to cocaine-related phenotypes. A = adenine;
AA = amino acid; Asn = asparagine; Asp = aspartic acid; C = cytosine; Chr. = chromosome; G = guanine; mRNA = messenger ribonucleic acid; NA = not
applicable; SNP = single nucleotide polymorphism; T = thymine.

in a study carried out by Saccone et al. (2007) and
further explored later by Agrawal et al. (2008), showing
the minor allele protective effects on vulnerability to
nicotine dependence (Agrawal et al. 2008). More
recently, a linkage scan study for different drugs of abuse
(including nicotine, alcohol, cannabis and cocaine)
retrieved significant associations with a region of chromosome 4 that includes GABRA4. Variants in the
GABAA receptor have previously been highly associated
with different drugs of abuse. Namely, the GABRA2
subunit has repeatedly been linked to alcohol abuse and
dependence [see the section Variants in the gammaaminobutyric acid A receptor α-2 (GABRA2) gene and
the glutamate decarboxylase (GAD1) gene of the
GABAergic system]. To date, few studies have explored
the association between GABRA4 and addiction, but in
the light of these results, it seems a promising candidate
for future research.
SNP and CANNABIS- and COCAINE-related phenotypes
Unlike alcohol and nicotine, little research has been conducted on cannabis and cocaine addiction-associated
genetic variants. Only two SNPs have been replicated
once or twice in independent studies both for cannabis
and cocaine (Tables 4 and 5, respectively). Interestingly,
studies noted an association between SNPs of the
endocannabinoid system for cannabis as well for cocaine,
although the associated SNPs are different. For cocaine,
the α5 receptor subunit has been implicated, as it was
for alcohol and nicotine. Because of the little available
© 2015 Society for the Study of Addiction

information and the partially overlapping evidence,
results on SNPs associated with cannabis and cocaine
will be discussed together.
Variants in the endocannabinoid system
The endocannabinoid system is a signaling system widely
expressed throughout the body. It is very complex and
takes part in many cognitive and physiological processes,
such as the regulation and modulation of learning and
memory, food intake, nociception, motor coordination,
reward processes and emotional control (Ameri 1999;
López-Moreno, Echeverry-Alzate & Bühler 2012). The
implication of the endocannabinoid system in these processes reveals its strong relationship to the dopamine
system and therefore makes it a good candidate for
studies on the genetics of drug abuse (for a review of the
endocannabinoid system, its compounds and function,
see Battista et al. 2012; Mechoulam & Parker 2013).
Several studies have linked variants of the CNR1 gene to
drug addiction phenotypes, mainly cannabis consumption and dependence. Here, the SNP rs806380 is one of
the most associated polymorphisms with problematic
cannabis use in a sample of young people of different
ethnicities (Hopfer et al. 2006) and cannabis dependence
in European-Americans (Agrawal et al. 2009). To date,
the molecular mechanism by which this SNP influences
cannabis addiction has not been described, but these
studies indicate that the minor allele G has a protective
effect on cannabis dependence and problematic cannabis
use.
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Another SNP of the CNR1 gene has been repeatedly
associated with cocaine dependence. The rs806368 SNP
was significantly associated with the cocaine addiction
phenotype in European-Americans and AfricanAmericans, although the association in AfricanAmericans is controversial (Zuo et al. 2009; Clarke et al.
2013): Zuo et al. (2009) found a clear association
between cocaine dependence and the rs806368 SNP in
European-American family and case–control samples,
but for African-Americans, the association was only significant in the family sample. This was replicated by
Clarke et al. (2013), who found an initially significant
association between rs806368 and cocaine dependence
in an African-American case–control sample, but when
combining their data with those from Zuo et al. (2009) to
perform a meta-analysis, rs806368 was no longer significant in African-Americans (Clarke et al. 2013). As for
rs806380, no specific biological mechanism has been
found that clarifies how rs806368 influences drug addiction. Clarke et al. (2013) gave a tentative explanation,
suggesting that because the SNP lies in an evolutionary
conserved region, it may affect the stability of the CNR1
mRNA transcript, reducing in this way its rate of translation and producing biological consequences relevant
for cocaine addiction (Clarke et al. 2013).
Aside from the cannabinoid receptors and various
endocannabinoid ligands, the endocannabinoid system is
composed of two main enzymes (Piomelli 2003, 2004;
Pertwee 2006). One of these enzymes is the fatty acid
amide hydrolase (FAAH), which is encoded by the
homonym gene FAAH. The FAAH enzyme is responsible
mainly for degradation of the endogenous cannabinoid
anandamide. It is widely expressed in the brain as well as
in some peripheral tissues such as the pancreas and
kidneys (Giang & Cravatt 1997). In relation to drug
addiction, studies mainly focus on one particular SNP,
rs324420. This is the only common missense variant in
the FAAH gene with a MAF > 5 percent (Camilleri et al.
2008) and causes a change from the amino acid proline
(Pro) to threonine (Thr). Studies indicate that this change
in configuration of the amino acid chain has an important impact on the biochemical and cellular functioning
of the enzyme. Sipe et al. (2002) showed that the presence of the minor allele A in homozygosis led to increased
enzyme susceptibility to proteolysis, although the functional properties remained unchanged. Two years later,
Chiang et al. (2004) studied the expression and activity of
the FAAH protein in human peripheral T lymphocytes
and showed that in subjects with the AA genotype, both
the expression and the activity of the FAAH enzyme were
reduced by half in comparison to CC/CA genotype subjects (Chiang et al. 2004). The authors showed that this
reduction in protein expression was due neither to the cell
types used nor to a reduction in mRNA levels, indicating
© 2015 Society for the Study of Addiction

that the decreased FAAH expression was more likely to be
due to a post-transcriptional or post-translational mechanism that affects folding of the protein (Chiang et al.
2004). In addition to the mentioned biochemical differences, genetics techniques have shown that A allele carriers exhibited a lower threat-related and a higher
reward-related amygdala reactivity compared with the
carriers of the C allele (Hariri et al. 2009). In concordance with these data, Hariri et al. (2009) found a significant association between the A allele and lower anxiety
and higher impulsivity compared with the C allele. This
high impulsivity trait may confer A allele carriers greater
risk for drug addiction. However, studies on which of the
alleles (A or C) or genotypes (CC/CA/AA) increases or
decreases vulnerability to drug addiction are contradictory. On the one hand, the A allele has been associated
with risk for street drug abuse (Sipe et al. 2002) and antisocial personality disorders in alcoholics (Hoenicka et al.
2007), and the AA genotype has been related to regular
use of sedatives in Caucasians (Tyndale et al. 2007). On
the other hand, CC genotypes have been associated with
more severe withdrawal symptoms and craving for marijuana (Haughey et al. 2008a; Schacht, Selling &
Hutchison 2009) and marijuana addiction (Tyndale et al.
2007). In addition, Filbey et al. (2010) reported that C
allele carriers, and not the A allele carriers, showed
higher neural reactivity to drug-related cues (e.g. marihuana) in brain areas involved in reward and drug addiction. Until the specific biochemical background on how
rs324420 influences drug addiction is discovered, it will
be difficult to determine which of these alleles and genotypes confer a major risk for addiction.

Variants in the CHRNA5 gene
In addition to nicotine dependence, there is also evidence
that links the non-synonymous SNP rs16969968 of the
CHRNA5 gene to cocaine addiction. This association was
first reported by Saccone et al. (2008), who found an
association between a small group of SNPs (including
rs16969968) in the CHRNA5-CHRNA3-CHRNB4 cluster
and cocaine dependence in a sample of EuropeanAmericans and African-Americans. Later in that year,
Grucza et al. (2008) demonstrated an association
between this SNP and cocaine dependence in two independent samples of individuals of European descent.
Interestingly, the minor allele A, which was the risk allele
for nicotine addiction, appeared to be protective against
cocaine dependence because it was present in a higher
frequency in the non-cocaine dependence control group.
These results were successfully replicated in an independent study carried out by Sherva et al. (2010). Because
these results are very promising, more studies regarding
rs16969968 and cocaine addiction must be conducted to
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further confirm this association and explore possible
common pathways for cocaine and nicotine addiction. In
the following section, we will focus particularly on these
common pathways of drug addiction.
Finally, very recently, a GWAS has found novel risk
SNPs for cocaine dependence. One of these SNPs was the
rs2629540 at the family with sequence similarity 53,
member B gene (FAM53B) in Europeans and in AfricanAmericans (Gelernter et al. 2014b). According to the
authors, this gene maps to a chromosomal region which
has previously been associated to cocaine dependence in
previous studies. This SNP is therefore a valuable new
candidate risk loci for cocaine dependence.

Common SNPs underlying drug addiction: nicotinic
receptors and the endocannabinoid system
As seen throughout this review, some SNPs and genes are
associated with more than one drug addiction.
One of these shared genes is CHRNA5. SNPs in this
gene were significantly associated with nicotine-,
cocaine- and alcohol-related phenotypes [see Tables 2–4
and the sections Variants in the serotonin receptor 1B
(HTR1B) gene, Variants in nAChR genes and Variants in
the CHRNA5 gene]. Alcohol and nicotine act as nAChR
agonists, enhancing opening of the channel and allowing
entry of cations such as sodium and calcium. The α5
subunit has increased receptor desensitization and
calcium permeability. Some studies suggest that the
higher calcium entrance may activate several signal
transduction pathways that cause gene activation or cell
proliferation, biological processes highly involved in substance addiction and cancer, respectively (Wang et al.
2009). In fact, pre-clinical studies in mice have shown
that the α5 subunit has an important role in nAChR subtypes that regulate dopamine transmission in the dorsal
striatum (Exley et al. 2012). Therefore, perhaps the presence of polymorphisms in this subunit more strongly
affects receptor response to agonists than polymorphisms
in other nicotine subunits. Nevertheless, although both
alcohol and nicotine dependence may be affected by variation in the CHRNA5 gene, it remains unclear if the
responsible polymorphisms are shared. Initial studies
indicate that polymorphisms in the CHRNA5 gene influencing risk for alcohol dependence are different from that
influencing nicotine dependence. Wang et al. (2009)
demonstrated an association between a group of SNPs in
the CHRNA5-CHRNA3-CHRNB4 gene cluster (including
rs588765 and rs3841324) and alcohol dependence.
Minor alleles of the same were shown to alter CHRNA5
expression in human post-mortem frontal cortex. Nevertheless, these SNPs were independent of those associated
with nicotine dependence (such as rs16969968). On the
contrary, Joslyn et al. (2008) showed that rs1051730
© 2015 Society for the Study of Addiction
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and rs8034191, which are strongly related to nicotine
addiction and smoking behavior, were associated with
the degree of alcohol response in humans. They concluded that the minor alleles of these SNPs (A and C,
respectively) significantly reduced the level of response to
alcohol and increased the risk of alcohol dependence.
The relationship between cocaine and the cholinergic
system is less intuitive. Whereas nicotine and alcohol are
direct agonists of nAChR, the effect of cocaine on these
receptors in the brain appears to act primarily through
dopamine projections. Administration of cocaine
increases acetylcholine in the nucleus accumbens and in
the dorsal striatum via VTA dopamine afferents upon
striatal acetylcholine interneurons (for a detailed review
of the relationship between cocaine addiction and acetylcholine, see Williams & Adinoff 2008). The effect of the
rs16969968 polymorphism on cocaine addiction is not
fully understood, and more molecular studies are needed.
Nevertheless, Grucza et al. (2008) provided an elegant
hypothetical explanation for the opposite effect of the
minor allele of this SNP on nicotine and cocaine addiction, relying on the location of nAChR in the mesolimbic
dopamine system. α5 nAChR subunits can be located on
excitatory dopaminergic neurons as well as on inhibitory
GABAergic neurons. As the minor allele A reduces receptor function, for nicotine, it leads to reduced nicotinestimulated GABA transmission and enhanced dopamine
response to nicotine, increasing the risk for nicotine
addiction. For cocaine, the reduction of nAChR in
dopaminergic neurons may reduce dopamine functioning and reduce vulnerability to cocaine addiction (Grucza
et al. 2008). Changing the scope from biological pathways to underlying personality, Zayats et al. (2013)
explored the interaction between personality domains
and the rs16969968 SNP on the risk for nicotine dependence, cocaine dependence and cocaine-induced paranoia.
They showed that cocaine-dependent participants with at
least one protective allele against cocaine dependence (A
allele) scored significantly higher on a personality
domain called conscientiousness compared with
homozygotic carriers of the risk allele. This personality
domain has frequently been related to different drug
dependencies, and high scores in conscientiousness are
related to higher self-control, determination and organization. Nevertheless, no significant results were observed
in nicotine-dependent participants.
These findings clearly suggest that variation in nicotinic cholinergic receptors is the common underlying biological risk factor for drug addiction, particularly
polymorphisms in the CHRNA5 gene, but it seems that
specific variants in this gene may act differently for different forms of addiction.
Another common biological pathway for different
dependencies is the endocannabinoid system. Its gene
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variants have been related to alcohol, cannabis and also
to cocaine addiction phenotypes. While in this study, no
variants in the endocannabinoid system were highly significantly associated with alcohol and nicotine, it is established that the endocannabinoid system is implicated in
these phenotypes (for a review on the implication of the
endocannabinoid system and human drug addiction, see
López-Moreno et al. 2012). Whereas cannabis is a direct
agonist of CB1 receptors, alcohol and nicotine increase
endocannabinoids most likely by increasing dopamine
firing rate acting on GABAergic, glutamatergic and
cholinergic interneurons, inducing anandamide release
in the VTA (for a review, see Maldonado, Valverde &
Berrendero 2006; Pava & Woodward 2012). To date, the
neuropharmacological mechanism by which cocaine
affects the endocannabinoid system is not clearly understood (for a review on the relationship between
endocannabinoid transmission and cocaine addiction,
see Arnold 2005), but several pre-clinical studies indicate
a crucial role for the endocannabinoid system in neuroplasticity associated with development of cocaine addiction (Orio et al. 2009) and behavioral and neurochemical
cocaine sensitization (Mereu et al. 2013).
As mentioned earlier in the section Variants in the
endocannabinoid system, there is a clear lack of research
regarding implication of variants in the endocannabinoid
system on drug addiction, so that we can only speculate on
how these variants may affect drug addiction, and if there
are shared variants. The highlighted SNPs, rs806380 and
rs324420 for cannabis, and rs806368 for cocaine
dependence, have been shown not to be in LD with each
other, so we may estimate that this SNP acts independently
on this phenotypes. Nevertheless, as mentioned in the
section Variants in the endocannabinoid system, the
rs324420 SNP in the FAAH gene has been linked to
several different types of addiction such as alcohol (Sipe
et al. 2002; Hoenicka et al. 2007; Bühler et al. 2014),
sedatives and marijuana (Tyndale et al. 2007; Haughey
et al. 2008b; Schacht et al. 2009,) cocaine and
polysubstance abuse (Flanagan et al. 2006), but few of
these associations were reliably replicated. Moreover,
there is an important controversy over which of the SNP
alleles confers addiction risk because in different studies of
the same drug, risk has been linked to different alleles (Sipe
et al. 2002; Bühler et al. 2014). Therefore, it appears that
the influence of rs324420 is quite complex and requires
more specific biochemical studies.
Without a doubt, as well as the cholinergic system, the
endocannabinoid system is the most common pathway
for different drug dependencies, but clearly more research
is needed to address the influence of individual genetic
variants on addiction.
Finding common pathways for addiction is a very
complex task and a goal of future addiction genetic
© 2015 Society for the Study of Addiction

research. Several studies and reviews have been published to this end (i.e. Nestler 2002, 2005; Le Moal &
Koob 2007). Li, Mao & Wei (2008) published a very interesting study in which five main pathways of different
drug dependencies were identified and integrated into a
hypothetical common molecular network for addiction. It
will be interesting with the rise of new sequencing and
imaging technologies if research in the near future will
clearly identify these common pathways and flesh out the
role of genetic variation in these circuits.

DISCUSSION
What can SNPs really tell us about drug addiction?
Here, we have reviewed common single nucleotide gene
variants that were most significantly associated with
alcohol-, nicotine-, cannabis- and cocaine-related phenotypes. To select these SNPs, we extracted significant association results of 371 studies published between the years
of 2000 and 2012 and filtered the genes and tagging
SNPs that were replicated at least once. We then applied
the Fisher method for combining P-values and selected
the 20 most significant SNPs associated with alcoholand nicotine-related phenotypes and the two most significant SNPs associated with cannabis and cocaine phenotypes. Interestingly, very few of the top 20 or even the top
2 SNPs have more than two or three replication studies.
Difficulties in replicating results have always been a major
issue in genetic association studies (Colhoun, McKeigue &
Davey Smith 2003; Vrieze, Iacono & McGue 2012). There
are many reasons why replication can fail, including variability in phenotype definition, inappropriate selection of
study subjects, sample size, data quality or a lack of
appropriate statistical analysis (Colhoun et al. 2003;
Greene et al. 2009). All these issues can affect the statistical power of an association study. In fact, inappropriate
statistical power as well as insufficient stringent significance thresholds are common problems in human
genetic studies and are believed to be a frequent reason
for the low replication success (for a review of statistical
power in genetic studies, see Sham and Purcell 2014). On
the contrary, the demanding P-values required in GWAS
may omit positive associations with disease susceptibility
gene variants that present only moderate P-values (Li
et al. 2012). Finally, the possibility of false-negative/
false-positive results in the initial study should also be
considered when difficulties in replication arise. Again,
lack of statistical power can be the cause of false-negative
as well as false-positive results.
However, replication failure may also be a sign of the
integral genetic heterogeneity underlying common
complex diseases such as drug addiction. Some authors
have noted that different individuals might develop the
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same addiction disease (i.e. alcohol addiction) via different pathways that start from different combinations of
disease susceptibility alleles (Palmer et al. 2012). This has
been frequently observed when comparing different
ethnic groups or samples from different geographic locations (Li & Burmeister 2009). Several gene variants that
were significantly related to an addiction phenotype in
ethnic population group were not related in other groups.
Studies have shown that different groups present different
minor allele frequencies of SNPs, and therefore, the
underlying genetic pathways related to addiction are ethnically and geographically dependent. However, some
authors have suggested that genetic heterogeneity exists
on smaller scales than ethnic groups. McClellan & King
(2010) indicated that ‘complex human diseases are large
collections of individually rare, even private, conditions’,
remarking the importance of genetic heterogeneity at the
individual level. As stated by these authors, an illness in
every affected individual may arise from different specific
causes, so that replication of gene studies may only
emerge after identifying biologically relevant variations
and mutations that disrupt addiction-related biological
processes. Therefore, these authors noted the importance
of rare and biologically significant variants in common
complex disease, issues that cannot be addressed by
GWAS or the majority of candidate gene studies.
A main limitation of GWAS and CGAS is the lack of
insight that is provided into the biologic pathway that
could provide a causative link to the disease (Kendler
2013). As seen in this review, association studies have
identified hundreds of SNPs that are statistically correlated with different addiction phenotypes, but very few
have an identified biological relevance that could underlie
drug addiction. Biological relevance appears to be a key
issue in the replicated SNPs. Many of the most significant
and replicated SNPs included in this review are functional non-synonymous SNPs – SNPs located in coding
regions causing an amino acid variation in the protein
product. As a consequence, these SNPs are most likely to
have an impact on phenotype (Sunyaev et al. 2001;
Ramensky et al. 2002). Sunyaev et al. (2001) estimated
that approximately 20 percent of common human nonsynonymous SNPs damage the protein, so that the
average human genotype carries approximately 2000
deleterious SNPs. All these SNPs together may have a
deleterious impact on fitness. It is important to note that
although most replication of these non-synonymous
SNPs came from candidate gene studies, several recent
GWAS confirm these associations (e.g. see Park et al.
2013 for the rs12229984 and alcohol dependence, or
Lips et al. 2010 for the rs16969968 and nicotine
dependence).
Nevertheless, the majority of SNPs identified by
GWAS, including addiction GWAS, lie in non-coding
© 2015 Society for the Study of Addiction
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regions such as introns and promoters. As seen in
Tables 2 and 3, of the 20 SNPs most significantly associated with the alcohol- and nicotine-related phenotypes
described in this study, most belong to intronic or 5′3′flanking regions. These non-coding regions have important roles in regulating alternative splicing and gene
expression, so genetic variants in these regions may affect
these functional properties. As previously stated, to date,
non-coding variants have been seriously underestimated,
but because they frequently arise in GWAS, there are
many potentially functional non-coding SNPs. In fact,
functional non-coding SNPs have been identified and
associated with several disease phenotypes (for a
review, see Knight 2003) including alcohol and nicotine
addiction (Flora et al. 2013; Gallego et al. 2013) where
these variants mainly influence gene transcription and
expression. However, the possibility remains that
most of these non-coding variants are related to these
phenotypes because of LD with a functional SNP (for a
review on functional intronic gene variants, see Cooper
2010).
Despite the fact that some variants have been successfully replicated, the majority of identified common variants explain only a small fraction of estimated
heritability. Although a GWAS with a sample size of
2000–5000 is able to identify common variants with an
odds ratio of at least 1.5 (Altshuler, Daly & Lander 2008),
to date, no complex disease, including addiction, has
more than 10 percent of its genetic variance explained by
common variants. Massive sample sizes of GWAS are
required to explain 20 percent or more of genetic variation due to common variants that underlie these diseases.
It has been estimated that 60 000–100 000 individuals
will be needed to capture almost 15 percent of variance
underlying any given phenotype (Frazer et al. 2009). This
means that using common variance, most of the heritable fraction estimated by twin and family studies for
addiction is missing. Several authors have suggested that
part of this missing heritability may be found in rare variants, claiming a shift from the common variantscommon-disease model to the rare-variants commondisease model (Frazer et al. 2009; McClellan & King
2010; Wang et al. 2014). The assumption is that
common diseases are the result of a summation of effects
of low-frequency dominantly and independently acting
high-penetrance variants (rare variant hypothesis)
rather than the consequence of a combination of lowpenetrant high-frequency variants (common variant
hypothesis). The implication of rare variants is sensible in
the light of evolution theory. Mutations with deleterious
effects would be prevented from transmission to subsequent generation due to natural selection, being mostly of
recent origin and individually very rare (McClellan &
King 2010; Wang et al. 2014). Although this may apply
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for a series of early onset diseases that have an important
impact on reproduction and fertility, it may not be the
case for later-onset diseases such as drug addiction. Nevertheless, the development of new sequencing methods
over the last few years has allowed focus on rare variants
in addiction research and have revealed significant associations between rare variants and nicotine (Wessel et al.
2010; Xie et al. 2011), alcohol (Zuo et al. 2013) and
opioid dependence (Xie et al. 2014; for a review on new
sequencing methods and rare variant association in
addiction research, see Wang et al. 2014). Rare variants
should therefore be taken into account for future work on
the missing heritability and heterogeneity of addiction.
However, common variance should not be discarded
entirely.
The results of GWAS and candidate studies have identified an important part of the genetic background that
explains heritability of addiction. These techniques
allowed for the determination of the first gene variants
that may be partially responsible for the development of
an addiction disease. Nevertheless, as stated by multiple
authors, the most frequently replicated SNPs at present
are most likely those with the major implication and
larger effect size in addiction variability (Frazer et al.
2009; Vrieze et al. 2014). Future work should emphasize
disentangling the biological relevance and molecular
functioning of gene variants so that potentially causative
pathways for drug addiction can be uncovered. The implication of epistatic factors, epigenetic changes and gene–
environment interactions make this task even more
challenging. Translational and reverse translational
research methods will be useful tools for a better understanding of the impact of gene variants on biological networks involved in addiction.
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